Purpose: Targeting the protein neddylation pathway has become an attractive anticancer strategy; however, the role of death receptor-mediated extrinsic apoptosis during treatment remained to be determined.
Introduction
Protein posttranslational modifications play a crucial role in the regulation of tumorigenesis and tumor progression. Neddylation is a novel type of posttranslational modification that adds the ubiquitin-like molecule NEDD8 to substrate proteins and thus regulates their function (1) (2) (3) . This process is catalyzed by a cascade comprising the NEDD8-activating enzyme E1 (NAE, NAE1 and UBA3 heterodimer), NEDD8-conjugating enzyme E2, and substrate-specific NEDD8-E3 ligases (1) (2) (3) . The best known substrates of neddylation are cullin family proteins, the essential subunits of multiunit Cullin-RING E3 ubiquitin ligases (CRL) whose dysfunction leads to tumorigenesis and tumor progression (1) (2) (3) . NEDD8 conjugation also regulates the function of several other important cancer-related proteins, including oncoproteins [e.g., Mdm2 (4), HuR (5) , and Smurf1 (6)] and tumor suppressors [e.g., p53 (4), pVHL (7) , and TGFb type II receptor (8) ]. Moreover, the entire neddylation pathway, including NEDD8-activating enzyme E1, NEDD8-conjugating enzyme E2, and global neddylation of substrates, is reported to be hyperactivated in several human cancers and associated with disease progression, such as worse patient overall survival (3, 6, 9, 10) . These findings highlight a pivotal role of neddylation in carcinogenesis and tumor progression and support to develop neddylation as an attractive anticancer target.
Targeting neddylation pathway has been recently demonstrated as an attractive anticancer strategy, evidenced by the efficacy of the NAE inhibitor MLN4924, a first-in-class anticancer agent, in a multitude of preclinical studies (1) (2) (3) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Currently, MLN4924, used as a single agent or in combination with traditional chemotherapeutics, is under investigation in quite a few of phase I/II clinical trials (http://www.clinicaltrials.gov) and has exhibited promising clinical activity in both advanced solid tumors and relapsed/refractory multiple myeloma or lymphoma (18, 19) . Mechanistically, MLN4924 blocks cullin neddylation, inactivates CRL, induces the accumulation of tumor-suppressive CRL substrates, and eventually causes DNA re-replication stress/DNA damage, cell-cycle arrest, senescence, or apoptosis in a cell-type-dependent manner (1-3, 11-14, 20-22) . Although induction of intrinsic (mitochondrial) apoptosis by MLN4924 has been reported previously (3, 12, 22) , whether MLN4924 activates the extrinsic (death receptor-mediated) apoptosis in human cancer cells is largely unknown.
Esophageal cancer is the fourth most common cancer of the digestive system and the sixth leading cause of cancer-related deaths in the world (23) . Esophageal squamous cell carcinoma (ESCC) is a major histologic subtype among all types of the esophageal tumors (23) . Despite clinical advances in the development of various therapeutic approaches, the overall 5-year survival rate for esophageal cancer patients is still very poor (23) . Major limitations to the treatment of ESCC include high toxicity of traditional chemotherapeutics and acquired therapeutic resistance (24) . Therefore, there is an urgent need to identify new anti-ESCC molecular targets and develop novel therapeutic strategies for the treatment of esophageal cancer.
Here, for the first time, we reported that targeting hyperactivated neddylation pathway pharmaceutically or genetically triggered ATF4-CHOP-death receptor 5 (DR5) axis-mediated extrinsic apoptosis to significantly inhibit the growth of human ESCC tumors. Our findings not only reveal a previously unrecognized mechanism for the cytotoxic effects of neddylation inhibition but also provide a solid evidence for clinical investigation of neddylation inhibitors (e.g., MLN4924) for the treatment of ESCC.
Materials and Methods

Cell lines, culture, and reagents
Human ESCC cell lines EC1, EC109, Kyse450, Kyse30, and Kyse510 were routinely cultured in Dulbecco's Modified Eagle's Medium (Hyclone), containing 10% FBS (Biochrom, AG) and 1% penicillin-streptomycin solution, at 37 C with 5% CO 2 . MLN4924 was synthesized and prepared as previously described (3, 25, 26) .
Cell viability and clonogenic survival assay
Cells were seeded in 96-well plates (3 Â 10 3 cells per well) and treated with DMSO or MLN4924. Cell proliferation was determined using the ATPLite Luminescence Assay Kit (PerkinElmer) according to the manufacturer's protocol.
For the clonogenic assay, 500 cells were seeded into 60-mm dishes in triplicate, treated with DMSO or MLN4924, and then incubated for 12 days. The colonies were fixed, stained, and counted under an inverted microscope (Olympus). Colonies comprising 50 cells or more were counted.
Detection of apoptosis and activity assays of CASP8 and CASP3
Cells were treated with the indicated concentration of MLN4924 for 72 hours. Apoptosis was determined with the Annexin V-FITC/PI Apoptosis Kit (BioVision, Inc.) according to the manufacturer's instructions. The activities of CASP8 and CASP3 were measured using the CaspGLOW assay Kit (BioVision, Inc.) according to the manufacturer's instructions.
Immunoblotting
Esophageal cancer and adjacent esophageal tissues were collected and analyzed for the expression of NEDD8-conjuagated protein, NAE1, UBA3, and UBC12. Cell lysates were prepared for immunoblotting (IB) analysis, with antibodies against 
Evaluation of mitochondrial membrane depolarization
Kyse450 and EC1 cells were treated with DMSO or MLN4924. Mitochondrial membrane depolarization was detected with the mitochondrial membrane potential assay Kit with JC-1 according to the manufacturer's protocol (Yeasen Inc). The data were acquired and analyzed by flow cytometry as described previously (26) .
Gene silencing using siRNA
Kyse450 and EC1 cells were transfected with siRNA oligonucleotides, synthesized by RIBOBIO using Lipofectamine 2000. The sequences of the siRNA are as follows: siCASP9 (27) : GAUGC-CUGGUUGCUUUAAU; siCASP8 (27) : UGGAUUUGCUGAU-UACCUA; siNoxa (28): GUAAUUAUUGACACAUUUC; siBid (29): AAGAAGACAUCAUCCGGAAUA; siDR5 (30): AAGACC-CUUGUGCUCGUUGUC; siCHOP (31): GCCUGGUAUGAG-GACCUGC; siATF4 (31): GCCUAGGUCUCUUAGAUGA; siUBA3 (2): CUGCCUGGAAUGACUGCUUAA; siNAE1 (10): GGGUU-GUGCUUUAGUCUGU; and siTRAIL (27) : CAAGUUAUCCUG-ACCCUAU.
RNA extraction and qPCR
Total RNA was extracted using the Ultrapure RNA Kit (CWbiotech). RNA (1.0 mg) was purified and reversely transcribed by PrimeScript RT Master (Takara) following the manufacturer's instructions. The cDNA was quantified by real-time quantitative
Translational Relevance
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In vivo ubiquitination assay
To determine the effect of MLN4924 on ATF4 ubiquitination, cells were pretreated with MG132 and starved for 12 hours, and then cells were treated with MLN4924, along with DMSO control for another 12 hours, followed by serum addition for 2 hours. Cells were extracted and subjected to immunoprecipitation (IP) with anti-ATF4 Ab and IB with anti-ubiquitin Ab.
Subcutaneous transplantation tumor model of human esophageal cancer and treatment
A subcutaneous transplantation tumor model of human esophageal cancer was established using EC1-GFP or Kyse450 esophageal cancer cells (32) . The tumor-bearing mice were randomized into 2 groups and treated with 10% 2-hydroxypropylb-cyclodextrin (HPBCD; Sigma) or MLN4924 (45 mg/kg) twice a day, on a 3-days-on/2-days-off schedule as previously described (25, 26) . Whole-body images were acquired using the Olympus OV100 imaging system twice a week as described (3, 25, 26, 33) . Tumor size was determined by caliper measurement. The tumor volume was calculated using the ellipsoid volume formula (Length Â Width 2 /2). Tumor tissues were harvested, photographed, and weighed. Protein expression of tumor tissues was evaluated by IB analysis using specific antibodies as indicated. Animal experiments were performed in accordance with animal protocols approved by the Institutional Animal Care and Use Committee of AntiCancer Biotech (Beijing) Co., Ltd.
Immunohistochemistry staining of human esophageal cancer tissue arrays
Human esophageal cancer tissue arrays were purchased from Shanghai Outdo Biotech Co. Ltd. IHC staining was conducted with NAE1 (Sigma), UBA3, UBC12, and NEDD8 antibodies (Cell Signaling Technology). The detailed clinicopathologic characteristics of ESCC patients are listed in Supplementary Tables S1 and  S2 for statistical analysis. The tissue array sections (4 mm) were dehydrated and subjected to peroxidase blocking. Primary antibodies were added and incubated at 4 C overnight, followed by staining with a GTVisionTM III Detection System/Mo&Rb (Gene Tech Company Limited). The slides were counterstained with hematoxylin. The stained slides were observed under microscopy, and images were acquired. Overall survival was calculated using the Kaplan-Meier analysis and compared with the log-rank test.
Collection of esophageal cancer tissues and clinicopathologic characteristics of patients
Fresh primary esophageal cancer tissues and adjacent esophageal tissues were collected from 10 ESCC patients undergoing resection at the Linzhou Cancer Hospital (Linzhou, Henan, China) from July 2012 to September 2014. Histologic diagnosis and tumor-node-metastasis stages of cancers were determined in accordance with the American Joint Committee on Cancer manual criteria for esophageal cancer. Written informed consent regarding tissue and data used for scientific purposes was obtained from all participated patients. The study was approved by the Research Ethics Committee of Linzhou Cancer Hospital.
Statistical analysis
The statistical significance of differences between groups was assessed using GraphPad Prism5 software. The t test was used for the comparison of parameters between groups. The Mann-Whitney test was used for data that are not of normal distribution by SPSS software. For all tests, three levels of significance ( Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001) were applied.
Results
The neddylation pathway is hyperactivated in ESCC and predicts diminished survival in ESCC patients
To investigate the activation status of neddylation pathway in esophageal cancer, we firstly examined the expression levels of global protein neddylation by IHC staining of the tissue arrays derived from human ESCC, which contain 95 pairs of primary tumor versus adjacent normal tissues. Based on staining intensity, we classified the samples into five groups with increasing staining intensity from the weakest (AE, group 1) to the strongest (þþþþ, group 5; Fig. 1A) . Staining-intensity analysis demonstrated that global protein neddylation was substantially elevated in ESCC tissues when compared with their corresponding adjacent normal tissues (P < 0.01; Fig. 1B ), which was confirmed by IB analysis ( Supplementary Fig. S1A ). Furthermore, the elevated protein neddylation is negatively correlated with 5-year overall survival rate of ESCC patients determined by the Kaplan-Meier analysis (P ¼ 0.033, log-rank test; Fig. 1C ).
Considering that global protein neddylation was elevated in tumor tissues (Fig. 1A-C and Supplementary Fig. S1A ), we further hypothesized that key components of neddylation pathway, including NEDD8-activating enzyme E1 (NAE, NAE1, and UBA3 heterodimer) and NEDD8-conjugating enzyme E2 (UBC12), may also be overexpressed in tumor tissues. Indeed, NAE1, UBA3, and UBC12 were observed to be overexpressed in ESCC tissues compared with adjacent normal esophageal tissues ( Supplementary  Fig. S1B-S1D ). These findings provided the rationality for the further evaluation of overactivated neddylation pathway as a potential anti-ESCC target.
Neddylation inhibition by MLN4924 suppresses the growth of ESCC cells and activates the extrinsic apoptosis pathway
To explore the possibility of neddylation inhibition as an anticancer strategy in ESCC, we first evaluated the anticancer Inhibition of overactivated neddylation pathway inhibits proliferation and activates extrinsic apoptosis of human esophageal cancer cells. A-C, hyperactivation of the global neddylation pathway in ESCC. A, IHC staining of human ESCC tissues arrays using NEDD8-specific antibodies. Based on staining intensity, we classified the samples into five groups with increasing staining intensity from the weakest (AE, group 1) to the strongest (þþþþ, group 5). B, classification of tumor samples according to the staining intensity of NEDD8 (n ¼ 95). Statistical analysis of staining intensity by the Mann-Whitney test showed that there are significant differences between tumor and their adjacent tissues (P < 0.01). C, Kaplan-Meier curves for the overall survival rate of patients with ESCC according to the expression of NEDD8 (P ¼ 0.033, log-rank test). Groups 1 to 3 were designated as low expression, and Groups 4 to 5 were designated as high expression. D, efficacy of MLN4924 on the viability of ESCC cells EC1, EC109, Kyse450, Kyse510, and Kyse30. Cells were treated with the indicated concentrations of MLN4924 for 72 hours, and viability was assessed with the ATPLite assay. E, efficacy of MLN4924 on clonogenic survival. ESCC cells EC1, EC109, Kyse450, Kyse510, and Kyse30 were treated with MLN4924 at the indicated concentrations for 12 days, and then fixed, stained, and counted as described in Materials and Methods. F, MLN4924 induced apoptosis and activation of CASP3 and CASP8. Cells were treated with MLN4924 for 72 hours. Apoptosis was determined by Annexin V-FITC/PI double-staining analysis (left); CASP3 (middle) and CASP8 (right) activity was analyzed with FACS. All data were representative of at least three independent experiments ( ÃÃ , P < 0.01; n ¼ 3; error bar, SD). G, treatment with MLN4924 suppressed cullin1 neddylation (CUL1-N8) and increased the cleavage of CASP8, CASP3, and PARP. ESCC cell lines were treated with MLN4924 for 72 hours, and cell lysates were assessed by IB with specific antibodies against cullin1, cleaved CASP8, CASP3, or PARP.
efficacy of MLN4924 on ESCC cell lines EC1, EC109, Kyse450, Kyse30, and Kyse510. We found that MLN4924 induced a dosedependent inhibition of cell proliferation (Fig. 1D ) and colony formation (Fig. 1E ) of ESCC cells. MLN4924 treatment induced a significant increase in Annexin V-positive cells (Fig. 1F, left) and caspase-3 (CASP3)-activated cells (Fig. 1F, middle) , indicating that MLN4924 triggered apoptosis in ESCC cell lines. In order to determine whether MLN4924 triggers the extrinsic apoptosis pathway, the activity of CASP8 was measured. As shown in Fig.  1F (right), MLN4924 induced a significant increase in CASP8-activated cells. Similarly, MLN4924 significantly induced the cleavage of CASP8, CASP3, and PARP (Fig. 1G) . These results suggest that MLN4924 triggered extrinsic apoptosis in ESCC cells.
Activation of CASP8 and the cleavage of Bid are required for MLN4924-induced apoptosis
Our results presented above showed that MLN4924 significantly induced the activation of CASP8 ( Fig. 1F and G) which plays a central role in the induction of the extrinsic apoptosis pathway. Next, we determined the role of the extrinsic apoptosis pathway in MLN4924-induced apoptosis by downregulating the expression of CASP8 via siRNA in EC1 and Kyse450, two representative ESCC cell lines. As shown in Fig. 2A , knockdown of CASP8 significantly blocked MLN4924-induced apoptosis, indicating a critical role of CASP8 activation in MLN4924-induced apoptosis. As a classical mediator of the extrinsic apoptosis pathway, CASP8 activation may also trigger the intrinsic apoptosis pathway by cleaving BH3 interacting domain death agonist (Bid) and releasing its COOH-terminal fragment (tBid) which translocate to mitochondria where it triggers cytochrome c release and induces intrinsic apoptosis.
To test this hypothesis, we first determined the expression of tBid and cleaved CASP9, as classical markers of the intrinsic apoptosis pathway. The expression of tBid and cleaved CASP9 was significantly induced by MLN4924 (Fig. 2B) . Meanwhile, MLN4924 induced the loss of mitochondrial membrane potential (Dym), another classical marker of the activation of intrinsic apoptosis (Fig. 2C) , which further indicated the induction of intrinsic apoptosis. To determine the role of CASP8/tBid axis in MLN4924-induced apoptosis, the expression of CASP8 and Bid was downregulated via siRNA silencing, respectively. As shown in Fig. 2D , downregulation of CASP8 significantly attenuated the induction of tBid and cleaved PARP. Moreover, Bid downregulation significantly reduced MLN4924-induced apoptosis (Fig. 2E ) and CASP3 activation (Fig. 2F) as well as the cleavage of PARP (Fig. 2G) . These findings collectively demonstrated that MLN4924-induced CASP8 activation also triggered the intrinsic apoptosis pathway by cleaving Bid to release tBid, a critical effector linking the extrinsic apoptosis to the intrinsic apoptosis.
The induction of DR5 plays a critical role for CASP8 activation upon MLN4924 treatment
To explore the mechanism for the activation of extrinsic (death receptor-mediated) apoptosis upon MLN4924 treatment, the expression of death receptor family members, including classical apoptosis-inducing ligands and their receptors (death receptors) as well as signal regulators of the extrinsic apoptosis pathway, was first determined (Fig. 3A and Supplementary Fig. S2A ). Among these proteins, MLN4924 significantly induced the expression of death receptor DR5 both at protein and mRNA levels (Fig. 3A) , which was further confirmed by FACS analysis of the expression of cell surface DR5 (Fig. 3B) . Collectively, these findings indicated that the transactivation of DR5 was responsible for the induction of extrinsic apoptosis upon MLN4924 treatment.
To further define the role of DR5 expression in MLN4924-induced CASP8 activation and apoptosis, the expression of DR5 was downregulated by siRNA silencing in MLN4924-treated cells. DR5 knockdown significantly reduced the induction of apoptosis (Fig. 3C) and attenuated the activity of CASP8 (Fig. 3D) and CASP3 (Fig. 3E) . Moreover, DR5 downregulation also significantly reduced the cleavage of CASP8, Bid, and PARP in MLN4924-treated cells (Fig. 3F) . These results highlighted a critical role of DR5 in MLN4924-induced CASP8 activation and extrinsic apoptosis.
DR5 activation could be triggered upon binding to its cognate ligand TRAIL (TNF-related apoptosis-inducing ligand). To examine whether DR5-induced apoptosis upon MLN4924 treatment is TRAIL-dependent, TRAIL expression was downregulated by siRNA silencing. We found that knockdown of TRAIL could not rescue DR5-induced apoptosis upon MLN4924 treatment, as determined by measuring the percentage of Annexin V-positive cells ( Supplementary Fig. S3A ), CASP3-activated cells ( Supplementary  Fig. S3B ) as well as the expression of cleaved PARP (Supplementary Fig. S3C ). These results indicate that MLN4924 acts on DR5-mediated apoptosis independent of TRAIL.
DR5 is transactivated by activating transcription factor 4/CHOP axis
Previous studies demonstrated that activating transcription factor 4 (ATF4) serves as a substrate of CRL/SCF bTrcp ubiquitin ligase (21, 34, 35) , and transcription factor CHOP, a classical downstream target of ATF4, can regulate the transactivation of DR5 (36) (37) (38) . Based on this, we hypothesized that MLN4924 may induce ATF4 accumulation due to the inactivation of CRL/ SCF bTrcp ubiquitin ligase which requires nedd8 conjugation to its essential subunit cullins for activation, and therefore transactivates CHOP and DR5 to activate extrinsic apoptosis. To test this hypothesis, we first examined the expression of ATF4 and CHOP upon MLN4924 treatment. We found that MLN4924 indeed induced the expression of ATF4 and CHOP in both EC1 and Kyse450 cells (Fig. 4A ). MLN4924 significantly increased the mRNA level of CHOP, whereas it had little effect on the transcription of ATF4 ( Supplementary Fig. S4A ). Furthermore, after blocking protein synthesis with cycloheximide, we observed that the protein stability and half-life of ATF4 were dramatically increased by MLN4924 treatment (Fig. 4B) . Similarly, treatment of cells with MG-132, a classical proteasome inhibitor, also dramatically extended the half-life of ATF4 when compared with control cells (Supplementary Fig. S4B ). By performing protein ubiquitination assay, we further found that MLN4924 significantly inhibited the polyubiquitination modification of ATF4 (Supplementary Fig. S4C) . These findings collectively demonstrate that the proteasome-dependent degradation of ATF4 was blocked upon the inactivation of CRL/SCF bTrcp ubiquitin ligase by MLN4924. Next, we determined whether the induction of ATF4 and CHOP expression was responsible for MLN4924-induced DR5 expression. We found that ATF4 knockdown significantly inhibited the transactivation of both CHOP and DR5 (Fig. 4C and Supplementary Fig. S5A) . Similarly, CHOP knockdown suppressed the transactivation of DR5 (Fig. 4D and Supplementary Fig. S5B ). ATF4 or CHOP knockdown also significantly inhibited the expression of DR5 and reduced the cleavage of CASP8, Bid, and PARP (Fig. 4E) . Moreover, knockdown of ATF4 or CHOP remarkably attenuated the MLN4924-induced apoptosis and the activation of CASP8 and CASP3 (Fig. 4F) . Together, these findings convincingly demonstrated that the ATF4-CHOP axis was responsible for the induction of DR5 and CASP8-mediated extrinsic apoptosis.
ATF4 also regulates the expression of proapoptotic protein Noxa and contributes to the induction of intrinsic apoptosis
Our aforementioned results indicated that MLN4924 also triggered the intrinsic apoptosis (Fig. 2) . To determine the potential role of the activation of intrinsic apoptosis, CASP9 was downregulated via siRNA silencing, and its effect on MLN4924-induced apoptosis was determined. CASP9 downregulation significantly attenuated the apoptotic induction (Fig. 5A , left plots) and reduced the cleavage of CASP3 and PARP (Fig. 5A , right plots) upon MLN4924 treatment. To further define the potential mechanisms for MLN4924-induced intrinsic apoptosis, the expression of classical proapoptotic proteins (Noxa, Bad, Bak, Bax, Puma, and Bim) and antiapoptotic proteins (BCL-2, BCL-XL, Livin, MCL1, c-IAP1, and XIAP) was determined in Kyse450 and EC1 cells after MLN4924 treatment (Fig. 5B and Supplementary  Fig. S2B ). Among these proteins, the proapoptotic protein Noxa was significantly induced in both cell lines (Fig. 5B, left) . Mechanistic studies demonstrated that the expression of Noxa was regulated at mRNA level (Fig. 5B, right) . Moreover, Noxa downregulation via siRNA silencing remarkably suppressed MLN4924-induced apoptosis, as evidenced by (i) the decrease of Annexin Vpositive (Fig. 5C , left plots) and CASP3-activated (Fig. 5C , right plots) cells; and (ii) the reduction of cleaved CASP3 and PARP (Fig. 5D) . These findings highlighted a pivotal role of Noxa transactivation in MLN4924-induced intrinsic apoptosis.
Based on the previous findings that Noxa could be transactivated by ATF4 (39, 40) which was stabilized by MLN4924 (Fig. 4A and B), we next determined whether MLN4924-induced Noxa expression was mediated by ATF4 in ESCC cells. As shown in Fig.  5E and F, downregulation of ATF4 fully inhibited the induction of Noxa at both mRNA (Fig. 5E ) and protein levels (Fig. 5F ) in EC1 and Kyse450 cells, demonstrating the importance of ATF4 in the transactivation of Noxa upon MLN4924 treatment.
Moreover, we found that the expression of ATF4, CHOP, DR5, and Noxa was also significantly induced by MLN4924 treatment in EC109, Kyse30, and Kyse510, other three ESCC cell lines ( Supplementary Fig. S5C ), which implied that inhibition of neddylation could induce a conserved apoptotic responses in ESCC cell lines.
Genetic inactivation of neddylation pathway via NAE1/UBA3 siRNA silencing recapitulates MLN4924-induced cytotoxic effects in ESCC cells
Our present data suggest that pharmaceutical inactivation of neddylation pathway with NAE inhibitor MLN4924 triggers ATF4/CHOP/DR5-mediated extrinsic apoptosis and ATF4/ Noxa-mediated intrinsic apoptosis in ESCC cells. To further validate the role of neddylation inhibition in facilitating these cytotoxic effects of MLN4924, we inactivated neddylation by knocking down the expression of UBA3 and NAE1, two essential subunits of NAE heterodimer, via specific siRNAs and determined whether UBA3/NAE1 knockdown could recapitulate the cytotoxic or by enzymatic activity assay for CASP8 (middle) or CASP3 by FACS (bottom). All data were representative of at least three independent experiments ( ÃÃ , P < 0.01; n ¼ 3; error bar, SD).
effects of MLN4924. Similar to MLN4924 treatment, knockdown of UBA3 and NAE1 significantly impaired cell viability in both EC1 and Kyse450 cells (Supplementary Fig. S6A ). Moreover, UBA3/NAE1 siRNA silencing also induced apoptosis, as evidenced by the increased Annexin V-positive cells ( Supplementary  Fig. S6B ), appearance of typical apoptotic morphology (Supplementary Fig. S6C) , and the induction of cleaved fragments of CASP8, CASP9, CASP3, and PARP ( Supplementary Fig. S6D ) in treated cells, indicating the induction of extrinsic and intrinsic apoptosis. Like MLN4924, knockdown of UBA3 and NAE1 also upregulated the expression of ATF4, CHOP, and DR5 as well as Noxa ( Supplementary Fig. S6D ) in both EC1 and Kyse450 cell lines. These results demonstrate that genetic inactivation of neddylation pathway via NAE1/UBA3 siRNA silencing fully recapitulates MLN4924-induced apoptosis activation in ESCC cells.
MLN4924 suppresses the growth of human ESCC tumors in murine model
After demonstrating the anticancer efficacy of MLN4924 in vitro, we further investigated the therapeutic potential of MLN4924 in subcutaneous-transplantation tumor model of human esophageal cancer in mice. To determine tumor growth in real time by external and noninvasive whole-body fluorescent optical imaging, EC1 cells expressing GFP (EC1-GFP) cells were implanted subcutaneously in mice (32, 33) . MLN4924 treatment significantly suppressed tumor growth over time, whereas control tumors grew rapidly, as revealed by real-time images of tumors (Fig. 6A) , tumor growth A, whole-body images of EC1-GFP tumor model were captured twice a week. B, tumor size of both models was determined by caliper measurement, and the data were converted to tumor growth curves. C, mice were sacrificed and tumor tissues were harvested, photographed, and weighed at the end of study ( ÃÃ , P < 0.01; error bar, SD). D, proteins extracted from tumor tissues were analyzed by IB using anticullin1, ATF4, CHOP, DR5, cleaved CASP8/3/PARP, and Noxa antibodies. GAPDH was used as a loading control. E, schema of the mechanism for MLN4924-induced apoptosis in ESCC.
curve ( Fig. 6B ; ÃÃ , P < 0.01), and tumor weight analysis ( Fig. 6C ; ÃÃ , P < 0.01). Moreover, MLN4924 significantly inhibited the growth of established tumors ( Fig. 6B and C) without obvious treatment-related toxicity, such as body weight loss (Supplementary Fig. S7 ). The in vivo anticancer effects of MLN4924 were further verified in another subcutaneous-transplantation tumor model using Kyse450 esophageal cancer cell line (Fig. 6B  and C and Supplementary Fig. S7 ).
To address the potential mechanisms for the antitumor activity of MLN4924, we determined whether the ATF4/CHOP/DR5 axis was activated in vivo. As shown in Fig. 6D, MLN4924 completely inhibited cullin neddylation, indicating the inactivation of CRL/SCF E3 ligase. As the result, the expression of ATF4, CHOP, DR5, Noxa, and cleaved CASP8/CASP3/PARP was significantly induced by MLN4924 treatment (Fig. 6D ). These observations indicated that MLN4924 inhibited esophageal tumor growth both in vitro and in vivo via the ATF4/CHOP/ DR5/CASP8 extrinsic apoptosis and ATF4/Noxa intrinsic apoptosis pathways (Fig. 6E ).
Discussion
Although researchers have made great efforts to understand the mechanistic basis for the initiation and progression of ESCC and to develop novel anti-ESCC strategies in the last decades, little achievements have been got in treatment of this deadly disease (23) . In this study, we demonstrate that the entire neddylation pathway, including neddylation enzymes and global protein neddylation, was hyperactivated in ESCC and associated with poor overall survival of ESCC patients, indicating that the hyperactivated neddylation pathway may play an important role in tumorigenesis and tumor progression of ESCC. Moreover, inactivation of neddylation with investigational NAE inhibitor MLN4924, a first-in-class anticancer agent that is evaluated in several phase I/II clinical trials, demonstrated remarkable antitumor activity in ESCC tumors without observable side effect on body weight. These results indicate that protein neddylation pathway serves as an attractive anti-ESCC target.
Death receptor-mediated (extrinsic) apoptosis represents one of the most important cytotoxic pathways activated by anticancer agents (11, 27, (41) (42) (43) (44) . In this study, we demonstrated, to our knowledge for the first time, that neddylation inhibition with MLN4924 induces DR5-mediated apoptosis in ESCC cells. Mechanistic investigations further revealed that MLN4924-induced DR5 expression is transcription factors ATF4/CHOP-dependent, as evidenced by (i) MLN4924 stabilizes ATF4 as a CRL substrate to transactivate CHOP and DR5 sequentially to induce extrinsic apoptosis; and (ii) downregulation of ATF4 and CHOP expression via siRNA silencing significantly reduced DR5 transcription and attenuated MLN4924-induced apoptosis. Moreover, we found that DR5-mediated apoptosis is ligand-independent since downregulation of its cognate ligand TRAIL failed to rescue DR5-induced apoptosis. Similarly, it is reported that unmitigated ER stress induced CHOP-mediated DR5 transcription and CASP8-mediated apoptosis in a TRAIL-independent manner (27, 45) . In addition, extrinsic apoptosis induced by MLN4924 in turn triggered intrinsic apoptosis through the CASP8/tBid axis. Collectively, these findings highlight induction of ATF4/CHOP/DR5-mediated extrinsic apoptosis as an important mechanism of MLN4924 action in ESCC cells (Fig. 6E) . Moreover, this extrinsic apoptotic pathway may also be activated by MLN4924 treatment in other types of human cancer, which will be addressed in future studies.
BH3-only protein Noxa is a key mediator of intrinsic apoptosis (12, (46) (47) (48) . MLN4924 was reported to induce Noxa expression and intrinsic apoptosis in several cancers, but the underlying mechanism for the induction of Noxa upon MLN4924 treatment remains largely unknown (3, 12, 22, 46) . In the present study, we found that, in ESCC cells, MLN4924-induced Noxa is dependent on ATF4: first, MLN4924 blocks ATF4 turnover and induces its accumulation; second, the downregulation of ATF4 via siRNA silencing completely blocked the induction of Noxa. In support of our findings, endogenous ATF4 was demonstrated to bind to the Noxa promoter following treatment of cancer cells with several cytotoxic agents (40) . Similarly, glutamine depletion in MYCtransformed cancer cells also induces apoptosis through ATF4-dependent Noxa and PUMA transactivation (49) . Interestingly, Wang and colleagues reported that ATF3 can directly interact with ATF4 and cooperate with it to induce Noxa transactivation (39) . Our unpublished data also show that MLN4924 treatment increases the expression of ATF3 in both mRNA and protein level, and knockdown of ATF3 downregulates the expression of Noxa. Future study will be performed to elucidate how ATF3 is transactivated by MLN4924 and how it interacts with ATF4 to regulate Noxa expression in esophageal cancer cells. In addition, during the preparation of this article, Knorr and colleagues reported that MLN4924 could cause accumulation of the CRL substrate c-Myc to transactivate Noxa and trigger intrinsic apoptosis in acute myelogenous leukemia cells (50) , indicating cell-type-specific mechanisms for the induction of Noxa expression upon MLN4924 treatment.
Collectively, this study reveals induction of DR5-mediated extrinsic apoptosis as a previously unreported mechanism for neddylation-targeted anti-ESCC therapy. Our findings not only provide new insight into the cytotoxic action of neddylation inhibitors (e.g., MLN4924) in human cancer but also provide strong impetus for the clinical investigation of MLN4924 for the treatment of ESCC, a treatment-resistant disease with neddylation overactivation. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
